Abstract CD133, also known as Prominin-1, is expressed on stem cells present in many tissues and tumors. In this work, we have identified and characterized a single-chain variable fragment (scFv) for the efficient and specific recognition of CD133. Phage display was used to develop the scFv from a previously reported anti-CD133 hybridoma clone 7, which was capable of recognizing both glycosylated and non-glycosylated forms of human CD133. The scFv immunostained CD133 + Caco-2 cells, but not CD133 −/low U87 cells. Significantly, it immunostained CD133 − cells transiently transfected with the mouse CD133 gene as well as CD133 + mouse cells. Coimmunostaining studies in mouse bone marrow cells, using anti-CD133 scFv-FITC and anti-mouse CD133-PE (clone 13A4) commercial antibody, indicated that the epitopes recognized by these reagents partially overlap. Taken together, these results suggest that the scFv can recognize mouse CD133 protein in addition to recognizing human CD133. This new scFv is expected to be valuable both as a molecular diagnostic reagent for identifying CD133 + cells and as a ligand for targeting therapeutics to CD133 + tumorinitiating cells.
Introduction
Human CD133 is a penta-span transmembrane glycoprotein. It is a marker of neural, endothelial, and hematopoietic stem cells [1] [2] [3] [4] . Its expression is also seen in cancerinitiating cells in many tumors including that of brain, prostrate, colon, and breast [5] [6] [7] and is, therefore, used widely as a molecular marker to isolate and characterize these cell phenotypes. Targeting CD133 may also enable the enhanced delivery of cytotoxic therapies to cancerinitiating cells [8, 9] . Further development of CD133 as a diagnostic marker and/or therapeutic target requires highly sensitive reagents that exclusively recognize CD133. Currently, AC133 and 293C3 antibodies are widely used to study CD133 [10] . These reagents identify glycosylated epitopes of CD133 and not the native protein. Hence, the reliability of these reagents for the accurate detection of CD133 protein levels is a major concern [10] [11] [12] . To overcome this limitation, we have earlier identified a hybridoma (clone 7) that specifically recognizes CD133 in a range of cell-based assays [13] . Clone 7 recognized both the glycosylated and non-glycosylated epitopes of CD133 protein and, hence, could be used to investigate CD133 expression with greater reliability. For applications such as targeted drug delivery, single-chain variable fragments (scFv) are more convenient and more effective than larger antibodies. In this work, we employed phage display to derive a scFv targeting CD133. Our studies show that the new scFv is capable of recognizing both human and mouse CD133 protein and can be potentially used as a diagnostic tool to characterize CD133 expression.
Materials and methods

Generation of ScFv library from CD133 hybridoma
The scFv was generated from anti-CD133 hybridoma clone 7 cells [13] . Total RNA was isolated from these cells using an RNeasy micro kit (Qiagen), and first-strand cDNA synthesis was carried out using oligo (dT) 20 primer and Superscript II reverse transcriptase (Invitrogen). Following this, a unique two-step PCR protocol was used to amplify the scFv-encoding gene repertoire. DNA sequences encoding the variable region of light-chain (VL) and heavy-chain (VH) fragments were amplified independently, fused by an overlap extension PCR, and cloned directionally into pCDisplay-4 vector using the rare cutter SfiI enzyme. The digested vector and PCR amplicons were ligated using T4 ligase, precipitated by sodium acetate-ethanol mixture along with glycogen and yeast tRNA carriers, and then transformed into electrocompetent Escherichia coli XLI-BLUE. After overnight culture at 37°C, the amplified recombinant phagemid was extracted from bacteria using a Qiagen kit and stored at −20°C. When required, E. coli transformed with the library was infected with a VCSM13 helper phage to package the RNA into phage particles.
Library panning against human CD133
Ninety-six-well enzyme-linked immunosorbent assay (ELISA) plates were coated with 2 μg of human CD133 protein in 50 μL of 0.1 M NaHCO 3 (pH 8.6) and allowed to incubate overnight at 4°C. The next day, the protein solution was removed and the wells blocked with a blocking buffer containing 1 % bovine serum albumin (BSA) in TBS. The plates were sealed and incubated overnight at 4°C. The blocking solution was then removed and replaced with 50 μL of freshly prepared scFv phage library and incubated for 1-2 h at 37°C. After multiple washes, the bound phage particles were eluted, with a low pH buffer containing 0.1 M glycine-HCl (pH 2.2), and amplified in E. coli for the next round of panning. After three rounds of panning, 30 randomly selected clones were checked for their reactivity against CD133 by phage ELISA. In this assay, phage clones were diluted in 5 % milk solution and incubated with CD133 protein-coated wells for 2 h at 37°C. Wells were washed five times before incubation with 1:3,000 diluted HRP-conjugated anti-M13 antibody (GE Healthcare) for 1 h at 37°C. The secondary antibody was then removed, washed five times, and incubated with HRP-substrate TMB (50 μL/well) for 30 min at room temperature. The color development was monitored by measuring absorbance at 450 nm. Plasmid DNA from clones that did bind to the CD133 protein was extracted and sequenced using primers P1: 5′aagacagctatcgcgattgcag3′ and P2: 5′gcccccttat-tagcgtttgccatc3′. The DNA sequences were then analyzed using Lasergene software (DNASTAR Inc., WI, USA).
Subcloning of CD133 scFv
The CD133 scFv cDNA was cloned into the pET28c bacterial expression vector as previously described [9] . The sequence of the resulting clone was verified by DNA sequencing analysis performed at the University of Minnesota Biomedical Genomics Center.
Expression, purification, and characterization Purification of the CD133 scFv was performed as described previously [9] . Briefly, the protein was expressed and purified from inclusion bodies using a Novagen pET expression system (Novagen, Madison WI), followed by a two-step purification process consisting of ion exchange fast protein liquid chromatography (Q sepharose Fast Flow, Sigma) and size exclusion chromatography (Hiload Superdex 200, Pharmacia). About 3 μg of the purified CD133 scFv protein was resolved using 4-15 % SDS PAGE gel (Biorad) and then stained using an E-Zinc Reversible stain kit (Thermo Scientific) to determine purity.
Cell culture
All established cell lines used in this work, except ONC94M2, were purchased from the American Type Culture Collection. ONC94M2 is a primary glioma cell line derived from a C57BL/6 mouse where the primary tumor was induced by oncogene transfer using NRAS and SV40LgT, as described in [14] . Caco-2 (a human colorectal adenocarcinoma) and U87 cells (a human glioblastoma) were grown in Minimum Essential Medium containing 20 % fetal bovine serum (FBS), 1 % non-essential amino acids (Sigma), 1 % sodium pyruvate (Sigma), and 1 % penicillin-streptomycin (Invitrogen). 4T1, a mouse mammary tumor cell line, was cultured in RPMI medium supplemented with 10 % FBS and 1 % penicillin-streptomycin. NIH3T3 (a mouse embryo fibroblast cell line) was grown in Dulbecco's modified Eagle's medium containing 10 % FBS and 1 % penicillin-streptomycin. All cells were maintained at 37°C/5 % CO 2 in a humidified incubator.
DNA transfection NIH 3T3 cells were seeded in six-well plates. Following attachment, cells were transfected with 1.5 μg mCD133 construct (ATCC catalog no. MGC-25280, image ID 4502359) or empty vector using lipofectamine reagent. After 72 h, cells were trypsinized, immunostained, and then analyzed by flow cytometry.
Isolation of bone marrow cells
Bone marrow was obtained from the femur of CD-1 mice. A single cell suspension of the bone marrow was obtained by dilution in cold phosphate-buffered saline (PBS), vigorous pipetting, followed by passage through a 70-μm cell strainer. Collected cells were centrifuged at 1,000 rpm for 7 min, washed once with cold PBS, and counted using a hemocytometer.
FACS staining protocol
One million cells were suspended in 100 μL FACS buffer (1× PBS with 1 % BSA and 0.1 % sodium azide) in a flow cytometry tube. The cell suspensions were incubated with 2.5 μg fluorescein isothiocyanate (FITC)-labeled anti-CD133 scFv for 30 min on ice. For the competitive binding assay, 1 million CD-1 mouse bone marrow cells suspended in FACS buffer were pre-incubated with 1 μg Fc Block (BD Pharmingen) on ice for 10 min followed by FITC-labeled anti-CD133 scFv, as described above, and then with 1 μg anti-CD133 Ab-PE (clone 13A4-PE, eBioscience) for another 30 min on ice. Another group received the two reagents in the reverse order. In addition, one group of cells was incubated with both the reagents simultaneously. Finally, cells were washed twice with FACS buffer and resuspended in 500 μL of FACS buffer for flow cytometric analysis. For immunostaining 4T1 cells with anti-CD133 polyclonal antibody (Abnova), cells were fixed with 2 % formaldehyde for 10 min and then permeabilized with icecold 90 % methanol for 30 min. Cells were then incubated with FACS buffer containing 5 μg antibody for 30 min on ice followed by incubation with FITC-labeled anti-rabbit secondary antibody (BD Pharmingen) for 30 min. Cells were then washed twice with FACS buffer before analysis by flow cytometry. The acquired data were analyzed by FLOWJO software (Tree Star Inc., OR, USA)
Western blot ONC94M2 and 4T1 cells were pelleted and lysed using RIPA buffer (Pierce). Protein levels were estimated using a BCA kit (Pierce). Western blotting was done as described in [15] . Anti-human CD133 polyclonal antibody (Abnova) was used as the primary antibody. Anti-rabbit IgG-HRP (Cell Signal) was used as the secondary antibody.
scFv ELISA E. coli TOP10F′ transformed with the scFv clone-11(HA tagged, in pCDisplay-4 vector background) was induced with IPTG (final concentration, 1 mM) and then cultured overnight at 30°C. Next day, the bacterial culture was pelleted by centrifugation at 15,000 rpm for 30 min at 4°C and the soluble scFv in the culture supernatant analyzed using ELISA. Briefly, human CD133 proteincoated wells were incubated with either scFv, parental monoclonal antibody, or blocking solution (5 % non-fat milk in phosphate-buffered saline) for 1 h at 37°C. The treatments were removed and the wells washed five times with PBS before incubation with HRPconjugated anti-HA (obtained from GenScript USA, 1:2,000 diluted in 5 % milk solution) for 1 h at 37°C. The wells were washed with PBS and then incubated with the HRP substrate TMB. The color development was analyzed by measuring the absorbance at 450 nm using a plate reader.
Results
Identification of a novel anti-CD133 scFv
Recombinant anti-CD133 scFv was constructed using VL and VH fragments of the clone 7 anti-CD133 antibody. The VL and VH fragments were amplified by RT-PCR. The scFv was constructed using these fragments and a DNA linker that encodes for Ser 7 Gly 10 Arg by performing an overlap extension PCR. The resulting PCR products were analyzed by gel electrophoresis. The individual VL and VH components were about 400 bp in size and the assembled scFv found to be 800 bp in size, which was in agreement with the theoretical predictions (Fig. 1a) . The scFv was then cloned into a pCDisplay-4 vector, transformed into E. coli XL-1 BLUE, and was subsequently infected with the VCSM13 helper phage in order to release the complete phage particles that displayed a library of scFv on their coat surface. The phage library was then screened for reactivity to CD133 by a standard panning process which involved the incubation of the phage particles with CD133 protein-coated plates. Only a fraction of the phage library was found to bind to the plates. These binders were then retrieved, amplified in bacteria, and screened by subsequent panning. After three such rounds, a 394-fold (6.3×10 −5 /1.6×10 −7 ) enrichment of phage binders was achieved (Fig. 1b) . At this stage, 30 phage clones were randomly picked to confirm their reactivity against human CD133 by phage ELISA (Fig. 1c) . In this assay, nine phage clones were found to have high reactivity with CD133. The plasmid DNAs of these clones were extracted and then sequenced. Five of them were found to have an identical DNA sequence (data not shown). Phage clone 11 showed a high reactivity. Hence, this clone was selected for subsequent analysis; the plasmid DNA encoding the scFv as a HA-tagged recombinant protein was extracted. This DNA construct has an amber stop codon between the scFv sequence and the vector backbone. Therefore, a non-suppressor E. coli TOP10F′ bacterial strain was used for the scFv protein expression. The scFv was predominantly secreted into bacterial culture media (data not shown). The bacterial culture supernatant containing the secreted scFv protein was diluted and analyzed using ELISA to investigate the specificity of the clone 11 scFv to the human CD133 protein substrate (Fig. 1d) . In this assay, the parent monoclonal antibody was used as a positive control and showed a higher absorbance (1.4 absorbance units, AU) than the scFv protein (0.9 AU). The background absorbance of the blank treatment was found to be 0.2 AU. These results indicate that the CD133 scFv could recognize and bind to human CD133 protein, however with a lower binding affinity than its parental monoclonal antibody. Further experiments reported in this study were done using anti-CD133 − scFv protein without an HA epitope tag. To obtain this, the open reading frame of the scFv was sub-cloned into a PET-28C expression system, bacterially expressed, purified, and analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; Fig. 2a ). The molecular weight of the anti-CD133 scFv protein was found to be 26 kDa and was in agreement with the theoretical predictions and with our own published results [9] . The amino acid sequence of the recombinant anti-CD133 scFv is shown in Fig. 2b .
Specificity of anti-CD133 scFv
The specificity of the anti-CD133 scFv was investigated by immunostaining. The scFv was initially conjugated to FITC to enable the direct staining of cells. Anti-CD133 scFv-FITC specifically stained human colon carcinoma Caco-2 cells that express high levels of CD133 [9, 16] , but not CD133 low/− U87 cells (Fig. 2c) . Unstained cells and cells stained with a nonspecific antibody (BU-12 FITC) were used as controls. These results established the specificity of anti-CD133 scFv for human CD133 protein.
Cross-reactivity of anti-CD133 scFv to mouse CD133
A plasmid encoding the mCD133 gene was transfected into NIH3T3 cells. The cells were then immunostained using anti-CD133 scFv-FITC (Fig. 3) . About 13 % of the transfected cells were stained by anti-CD133 scFv-FITC. Unstained cells and transfected cells stained with a nonspecific RFB4 (anti-B-cells)-FITC served as controls. Cells transfected with the vector backbone served as an additional control. The results obtained with this study establish the antibody. 4T1 cells were PFA-fixed and methanol-permeabilized before immunostaining. Permeabilized cells with or without anti-rabbit secondary antibody staining served as the controls. c Western blotting to demonstrate CD133 expression in ONC49M2 and 4T1 cells cross-reactivity of the anti-CD133 scFv to mouse CD133 protein. When the transfection experiment was repeated, about 20 % of the transfected cells were found to be immunoreactive with CD133 scFv (data not shown). The low number of cells stained by the scFv may be due to the weak expression of the transfected plasmid and/or due to the cell cycle-associated variations in CD133 surface mobilization affecting its detection by commercial antibodies [17] .
To further study the cross-reactivity of anti-CD133 scFv to mouse CD133 protein, immunostaining experiments were done in mouse tumor cells and bone marrow cells. Anti-CD133 scFv-FITC immunostained ONC49M2 mouse glioblastoma cells (Fig. 4a) as well as 4T1 breast carcinoma cells (Fig. 4b) . CD133 expression in these cell lines was confirmed by Western blotting using a polyclonal anti-mouse CD133 antibody (Fig. 4c) . CD133 expression in 4T1 cells was further confirmed by indirect immunostaining done with an anti-mouse CD133 polyclonal antibody (Fig. 4c) . This anti-CD133 polyclonal antibody was raised against the C-terminal region of the CD133 protein, which is localized within the cytosol. Hence, 4T1 cells were fixed and permeabilized before immunostaining.
Progenitor cells in the bone marrow are reported to express CD133 [18] . Anti-CD133 scFv-FITC immunostained 4 % of the mouse bone marrow cells (data not shown). In order to confirm that anti-CD133 scFv binds to mouse CD133 protein, we co-stained mouse bone marrow cells with a commercially available PE-labeled monoclonal antibody (Fig. 5) . The order of addition of scFv and the 13A4 clone resulted in distinct immunostaining profiles. When clone 13A4 was added first, around 40 % of the CD133 scFv-FITC-stained fraction was co-stained by 13A4. However, when anti-CD133 scFv-FITC was added first or when added along with the 13A4-PE clone, this fraction decreased to 25 %. This indicates that epitopes recognized by 13A4 and anti-CD133 scFv partially overlap. As clone 13A4 is known to bind to mouse CD133 [19] , the data from these results confirm that anti-CD133 scFv binds to the mouse CD133 protein.
Discussion
Human CD133 is a five-transmembrane domain protein composed of 865 amino acids with a molecular weight of 120 kDa [20] . Detailed molecular analysis indicates that CD133 expression is regulated and that it involves transcription from five alternative promoters, promoter hypermethylation, tissue-specific alternative splicing [20] [21] [22] , and lipid raft-associated sorting of the resulting protein to the apical membrane [23] . The CD133 protein undergoes extensive posttranslational glycosylation modification at eight Nlinked glycosylation sites found in its extracellular loops [24] . Recently, a set of genes that may contribute to the CD133 glycosylation has been reported [25] .
Emerging studies indicate that cellular conditions like stem cell differentiation [11] , cell cycle status [17] , and differential glycosylation processing [25] can selectively modify CD133 glycosylation levels without affecting the native CD133 protein levels. Hence, reactivity to AC133 and AC141 reagents that bind to the glycosylation epitopes may not accurately reflect the CD133 protein levels present within the cell. To circumvent this problem, we have earlier identified a monoclonal antibody (clone 7) against CD133. Although clone 7 was raised against a non-glycosylated recombinant CD133 protein, it recognized CD133 protein from both tunicamycin-treated and untreated cell lysates by the Western blot assay [13] . This indicated that clone 7 can recognize glycosylated and non-glycosylated CD133 protein. Since the anti-CD133 scFv described in this study is derived from the clone 7 antibody, it is expected to recognize and bind to both glycosylated and non-glycosylated CD133 protein. Also, it will be interesting to determine whether clone 7 and the scFv identify the different isoforms of CD133 as well as the mature and premature forms of the protein.
An important feature of the anti-CD133 scFv is its ability to cross-react with mouse CD133 protein. This observation is not totally surprising given the fact that human and mouse orthologs of CD133 share a 60 % sequence identity. It is worthwhile to note here that the parental hybridoma, clone 7, was raised against a recombinant protein consisting of immunogenic amino acids of the human CD133 protein. This stretch of amino acids shares a significant sequence similarity with its mouse counterpart (Fig. 6) .
The scFvs retain target specificity, but are smaller in size compared to their parental monoclonal antibodies and, hence, are often used for targeted drug delivery. Because the CD133 protein is a known marker for cancer stem cells, we expect the newly developed scFv to be of significant value in developing therapies that selectively target and eliminate cancer stem cells. We are currently investigating the use of anti-CD133 scFv for constructing a targeted immunotoxin, dCD133KDEL, by fusing the anti-CD133 scFv with pseudomonas exotoxin A-PE38 and a c-terminal Lys-Asp-Glu-Leu (KDEL) peptide. This toxin was found to be very potent in selectively targeting and killing CD133 + cancer stem cells in metastatic breast carcinoma [8] and head neck carcinoma xenografts in mouse [9] . The expression of CD133 is not restricted to tumor-initiating cells. Therefore, it is possible that this targeted therapy may have side effects on other CD133-expressing cells like the stem cells present in a normal tissue. In our initial studies with dCD133KDEL, we did not observe any cytotoxicity to normal cells. However, for clinical realization of this immunotoxin, an elaborate evaluation of its effect on normal cells must be carried out. As the anti-CD133 scFv reagent can react with both mouse and human CD133 protein, it is uniquely suited for evaluating the safety of CD133-targeted therapy in mouse xenograft tumor models.
